Vascular smooth muscle cells (VSMCs) proliferate in response to arterial injury. Recent findings suggest that, in addition to platelet-derived growth factors, growth factors from inflammatory cells and endothelial cells at the site of injury may contribute to VSMC proliferation. We hypothesized that a common mechanism by which endothelial cells and inflammatory cells stimulate VSMC growth could be the active oxygen species (i.e., 02, H202, and OH) generated during arterial injury. Using xanthine/ xanthine oxidase to generate active oxygen species, we studied the effects of these agents on VSMC growth. Xanthine/xanthine oxidase (100 ,M xanthine and 5 microunits/ml xanthine oxidase) stimulated DNA synthesis in growth-arrested VSMCs by 180%o over untreated cells. All tissues are constantly exposed to exogenous and endogenous oxidants.4"15 Vascular endothelial cells exhibit metabolic activities that may produce high concentrations of active oxygen species.16-'8 In fact, the physiological production of endothelium-derived relaxing factor necessarily involves generation of active oxygen species. Active oxygen species concentrations are increased in blood vessels and myocardium in response to a variety of injury-related conditions such as ischemia, thrombosis and reperfusion, and angioplasty.19'20 These same circumstances frequently are associated with intimal hyperplasia and accelerated atherosclerosis. Therefore, there may be a relation between arterial injury, active oxygen species production, and VSMC proliferation. To test this hypothesis, we studied the effects of active oxygen species on VSMC growth and c-myc and c-fos mRNA levels.2",22 In this work, we show that H202 specifically stimulates VSMC DNA synthesis and protooncogene expression.
V ascular smooth muscle cell (VSMC) growth is an important component in the pathophysiology of atherosclerosis.1-4 VSMC agonists exhibit a duality: classic mitogens such as platelet-derived growth factor (PDGF)5 and epidermal growth factor6 cause contraction of vessels, whereas vasoconstrictors such as endothelin,7 angiotensin 11,8 and a-thrombin9 stimulate growth of cultured VSMCs . It now appears that the active oxygen species (i.e., 02-, H202, and .OH) exhibit this same duality. Active oxygen species also exhibit vasoconstrictor properties like those of PDGF and epidermal growth factor. In several studies, active oxygen species have been shown to contract aortic strips.10"'1 Recently, it has also been shown that active oxygen species stimulate several growth factor-like cellular responses, such as intracellular alkalinization12 and increases in c-fos and c-myc proto-oncogene mRNA levels. 13 Active oxygen species may therefore act as VSMC growth factors.
All tissues are constantly exposed to exogenous and endogenous oxidants.4"15 Vascular endothelial cells exhibit metabolic activities that may produce high concentrations of active oxygen species.16-'8 In fact, the physiological production of endothelium-derived relaxing factor necessarily involves generation of active oxygen species. Active oxygen species concentrations are increased in blood vessels and myocardium in response to a variety of injury-related conditions such as ischemia, thrombosis and reperfusion, and angioplasty.19 '20 These same circumstances frequently are associated with intimal hyperplasia and accelerated atherosclerosis. Therefore, there may be a relation between arterial injury, active oxygen species production, and VSMC proliferation. To test this hypothesis, we studied the effects of active oxygen species on VSMC growth and c-myc and c-fos mRNA levels. 2",22 In this work, we show that H202 specifically stimulates VSMC DNA synthesis and protooncogene expression.
Materials and Methods Cell Culture
VSMCs were isolated from the thoracic aortas of 200-250-g male Sprague-Dawley rats by enzymatic dissociation as described previously.5'6 Cells were grown in Dulbecco's modified Eagle's medium (DME) supplemented with 10% (vol/vol) heat-inactivated calf serum, 100 units/ml penicillin, and 100 ,ug/ml streptomycin. cent VSMCs exposed for 24 hours to an active oxygengenerating system composed of xanthine and xanthine oxidase.1527 At constant xanthine concentration (100 ,uM), 2.5 and 5 microunits xanthine oxidase stimulated [3H]thymidine incorporation, which was maximal (approximately twofold) at 5 microunits xanthine oxidase ( Figure 1 ). At concentrations of xanthine oxidase .20 microunits, there was no stimulation of DNA synthesis. The maximal effect of xanthine/xanthine oxidase on DNA synthesis was approximately 40% of that of 10% calf serum and equivalent to 10 ng/ml PDGF (recombinant BB, data not shown). Allopurinol (5 mM), an inhibitor of xanthine oxidase activity, prevented the increase in DNA synthesis induced by xanthine/xanthine oxidase ( Figure 1 ). Allopurinol had no effect on DNA synthesis of growth-arrested VSMCs (0.4% serum) or proliferating VSMCs (10% serum).
Xanthine/xanthine oxidase produces a variety of active oxygen species. We sought to determine which active oxygen species induced VSMC DNA synthesis by using the scavenging enzymes superoxide dismutase (1,000 units/ml) and catalase (2,000 units/ml). As is evident from Figure 2 , superoxide dismutase did not prevent xanthine/xanthine oxidase-induced VSMC DNA synthesis, indicating no role for the superoxide anion (02-) in xanthine/xanthine oxidase-induced VSMC DNA synthesis. Catalase alone stimulated DNA synthesis by unknown mechanisms (possibly other proteins, such as proteases, present in the preparation) and was synergistic with xanthine/xanthine oxidase, confounding attempts to delineate the role of H202.
To determine the role of H202 in xanthine/xanthine oxidase-induced VSMC DNA synthesis, we added H202 directly to growth-arrested VSMCs. As shown in To study the mechanisms for H202-induced growth, the effect of H202 on expression of the early growth response genes c-myc and c-fos was analyzed. Quiescent VSMCs were treated with concentrations of H202 shown to stimulate maximal DNA synthesis (200 ,uM). As shown in Figure 6 , steady-state levels of c-myc and c-fos transcripts were induced fourfold and 20-fold, respectively, in VSMCs 1 hour after addition of H202.
H202 induced a biphasic increase in c-myc mRNA levels with peaks at 1 and 8 hours; c-fos mRNA levels returned to baseline within 2 hours. H202 had no effect on the steady-state levels of the constitutively expressed GAPDH mRNA. The time courses for H202-stimulated increases in steady-state c-myc and c-fos mRNA levels were similar to the time course observed with 10% calf serum. 22, 31 To investigate the roles of different active oxygen species in the induction of early growth signals, c-myc and c-fos mRNA levels were measured in growth-arrested VSMCs after stimulation with xanthine/xanthine oxidase at concentrations that caused maximal DNA synthesis. As shown in Figure 7 , the xanthine/xanthine oxidaseinduced increase in c-myc and c-fos mRNA levels was similar to the increase seen with H202. No significant differences were observed for GAPDH mRNA levels between quiescent and xanthine/xanthine oxidasetreated cells. Superoxide dismutase did not block xanthine/xanthine oxidase-induced c-myc and c-fos mRNA accumulation, indicating no role for superoxide anion in the xanthine/xanthine oxidase-induced mRNA levels of c-myc and c-fos. Catalase alone induced c-myc and c-fos mRNA, a result consistent with its effects on [3H]thymidine incorporation (Figure 2 Nearly identical results were obtained using 5 jiM sphingosine (data not shown). Little change was observed in steady-state GAPDH mRNA levels in VSMCs after these treatments (Figure 8 ). These data indicate that 1202 induces c-myc and c-fos mRNA primarily by PKC-dependent mechanisms, although a PKC-independent mechanism cannot be excluded, especially for c-fos
induction.
Previously, we demonstrated that uric acid, the product of xanthine/xanthine oxidase metabolism, stimulated VSMC DNA synthesis and cell division.32 This was due to induction of an autocrine growth mechanism as shown by expression of PDGF A-chain mRNA and inhibition of growth by anti-PDGF antibody. To determine whether H202 stimulated the same pathway,
[3H]thymidine incorporation was measured in the pres- It is now clear that xanthine/xanthine oxidase products including active oxygen species are important growth factors for the blood vessel, based on the present study, our previous work showing that uric acid is a VSMC mitogen,32 as well as other studies. 47 Uric acid failed to induce early growth events, such as PKC activation or proto-oncogene expression,32 but stimulated an autocrine growth mechanism involving the PDGF A-chain. The present findings that both xanthine/xanthine oxidase and H202 stimulated early growth signals suggest that a synergistic effect among active oxygen species may promote VSMC growth.
During arterial injury, the differential effects of H202 on VSMCs, endothelial cells, and fibroblasts may lead to accelerated VSMC growth in this manner: H202 selectively damages endothelial cells, causing release of VSMC growth factors (e.g., fibroblast growth factor), while H202 also selectively stimulates VSMC cell cycle progression. Future in vivo studies will determine the importance of active oxygen species for VSMC proliferation in atherosclerosis and restenosis.
